The polymerizable complex (PC) method was developed to prepare copper-based high-Tc superconducting oxides with improved superconducting properties, phosphor materials with excellent emission intensities and water-splitting photocatalysts with higher activities. The PC method is based on the formation of metal complexes and subsequent polyesterification between a hydroxy-caroboxylic acid such as citric acid and a glycol such as propylene glycol, so that homogeneity of the metal species inside the polyester resin precursor is maintained on the molecular scale. An example of Y2SiO5:Ce 3+ ,Tb 3+ co-activated phosphor synthesis utilizing a new water soluble silicon compound is provided. The PC method is also an efficient methodology for the preparation of promising compounds for testing, without the requirement of tailoring the synthesis for each candidate; a scheme to search for the potential Tm 3+ activated phosphors in the series of complex gallates as hosts has been demonstrated as a representative example.
Introduction
Many functional ceramics are multi-component systems of complex oxides that include several different metal species in many cases. Generally, a complex oxide can be synthesized by the solid-state reaction (SSR) method, which involves several heat-treatment cycles of the constituent metal oxides or carbonates at high temperatures around or higher than 1000°C after mechanical mixing and crushing. Although the SSR method excels in operativity and mass-production, the use of powders as raw materials means that it has certain limitations such that thin films and fibers, which have increasingly gained importance in recent years, cannot be prepared by SSR and the method is not fit for the synthesis of ceramics with complicated compositions. The development of solution processes based on solution chemistry and/or coordination chemistry has provided significant advances in the synthesis of fine ceramic powders, thin films and fibers at lower temperatures, and has made it possible to address the problems encountered with the SSR method. The sol-gel method, based on the hydrolysis and condensation reactions of metal alkoxides, and the polymerizable complex (PC) method are now regarded as typical solution methods, the latter of which is introduced in details in this paper. The PC method is one technique that realizes the fine chemical synthesis of oxide powders and has a unique feature in that the chemical compositions of ceramic materials can be controlled at a high level.
1)-5) The PC method has a characteristic in that it doubly prevents condensation and segregation of each individual metal ions by two processes; firstly, stabilizing constituent metal elements as metal complexes to maintain uniformity at the atomic level, and secondly, fixing the metal complexes in an organic polymer network to prevent decomposition and precipitation. For this reason, the PC method exhibits a significant improvement in the dispersion and homogeneity of the constituent elements, and oxide powder materials of complicated compositions can be produced much more easily at lower temperatures compared with conventional oxide powder manufacturing methods such as the SSR or coprecipitation methods.
In this paper, the principle of the PC method is described in section 2, and the actual synthesis of various highly functional ceramics by utilizing the characteristics of the PC method is introduced in section 3. The aspect of the PC method as a method for searching for new substances, with an example of the synthesis of new phosphors, is introduced in section 4. Finally, in section 5, the role of the PC method in the fine chemical synthesis of oxide powder materials with higher performance in the future is discussed in the conclusions.
Principle of the polymerizable complex (pc) method
The author's research group has developed the polymerizable complex (PC) method, producing fine powders of oxides based on a new concept that is different from that of the past, by introducing an organic polymeric gel containing metal complexes.
1)-5)
Although the PC method was first proposed by Pechini in a 1967 patent, 6) its application was limited to complex oxides of binary systems such as barium titanate, and a long time had passed before the potential capacity of the PC method was demonstrated in the synthesis of oxide powder materials of more complicated compositions.
7)-9) In this section, the principle of the PC method is described; the PC method is effective for precisely controlling the compositions of functional ceramics and their low temperature synthesis, or for the even dispersion of activators in phosphor materials.
The principle of the PC method is shown in Fig. 1 . Metal salts are dissolved in a glycol (propylene glycol (PG), ethylene glycol JCS-Japan (EG), etc.) solution containing an excess amount of citric acid (CA) against the metal content (e.g., 4 mol times the metal content) to form metal complexes with citric acid. Hydroxy carboxylic acids, such as malic acid and tartaric acid, may be used instead of citric acid. The glycol also plays the role of a solvent, so that it is also used in excess (e.g., 40 mol times the metal content) for sufficient dissolution of the metal salts. When this solution system is condensed by heating at 120-150°C, esterification reactions accompanied with dehydration (indicated by the oval areas in Fig. 1 ) continuously occur between the carboxyl group of the hydroxy carboxylic acid and the hydroxyl group of the glycol, which is accelerated as excess glycol evaporates, causing the viscosity of solution to rapidly increase and resulting in the formation of a polyester-type polymer gel. (Caution: It is not desirable to use ethylene glycol due to its toxicity, but propylene glycol with lower toxicity is preferable for use as the glycol. If a local exhaust ventilation facility (draft chamber) and suction are used, then intake or contact with the skin can be avoided, in the same way as handling of conventional organic solvents.)
An important feature of the PC method is that the uniform dispersion of metal ions in the original solution is also essentially maintained in the polymer gel. In order to remove most of the organic components in the polymer gel, calcination is usually performed at approximately 400°C, and a precursor of the target oxide powder material is obtained. This process seems to maintain a low level of segregation of the metal elements by the highly uniform dispersion of the metal ions in the precursor. By heat-treating this precursor as required, the target oxide powder materials can be synthesized at lower temperatures and with higher purity compared with the synthesis temperatures of conventional methods. Therefore, for more complex compositions, the PC method is a powerful method and is also principally advantageous for the uniform dispersion of trace amounts of dopants. The PC method is an essential method for high purity synthesis of the high temperature superconducting oxides with more than 3 constituent metal elements, and even up to 6 in some cases.
Results of the (1) high purity synthesis of high temperature superconducting oxides, of which compositional control was once considered difficult, (2) synthesis of high-intensity fluorescent materials by uniform dopant dispersion, and (3) the synthesis of high activity photocatalysts for water splitting are introduced in the next section.
Synthesis of highly functional ceramics
by the pc method
Synthesis of high temperature superconducting oxides
It is difficult to synthesize high temperature superconducting oxides with 3 to 6 constituent elements as a uniform powder material. There have been significant developments in solution methods in recent years, with emphasis on chemical processes represented by the sol-gel and coprecipitation methods, aiming at improved mixed state of constituent elements. However, in the subsequent process of hydrolysis and precipitation or solvent removal it is very difficult to avoid the tendency for the whole system to become heterogeneous, because the rate of hydrolysis and the solubility products differ depending on the constituent metal elements present, even if the original solution is uniform. On the contrary, it has been confirmed that the PC method based on polyester reactions is very effective in synthesizing copperbased high temperature superconducting oxides with complicated compositions. 10)-13) Figure 2 shows the temperature dependence of the complex magnetic susceptibility of a high-temperature superconductor ceramic (Bi2Sr2Ca0.8Y0.2Cu2O8.21) with a complicated composition. Two samples synthesized by the PC method and by the conventional high temperature SSR method are compared in Fig. 2 . These ceramics demonstrate a superconducting transition in the vicinity of 90 K. The sample synthesized by the PC method shows, by demonstrating a sharp transition, that its purity is high and its composition is quite uniform, even though its heattreatment was carried out for a shorter time of 12 h. On the other hand, the sample synthesized by the SSR method exhibits a very broad transition, even though its synthesis required a significantly longer time of 84 h, which reveals less purity and uniformity. Therefore, the PC method demonstrates product characteristics 
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beyond that of the conventional methods as the compositions become increasingly complex, such as ceramics containing more than five constituent metals.
Synthesis of co-activation phosphors
The activator in a phosphor is the emission center, and it is thought that if the activators are uniformly distributed in the host, then the emission intensity increases. This is because an uneven distribution increases the local activator concentration, which leads to concentration quenching, and consequent depression of the emission intensity. In co-activation phosphors, this trend is still more pronounced, because in many cases they involve the energy transfer between two kinds of activation ions, so that in addition to concentration quenching uneven dispersion of the activation ions inhibits the energy transfer between the ions. The PC method is extremely effective for synthesis of a co-activation phosphor with uniform distribution of activator ions; therefore, a phosphor with excellent performance can be obtained. Figs. 3 and 4 , respectively. For the PC method, CA and PG are firstly dissolved in the solution that includes a soluble silicon compound and each of the metal nitrates, followed by heating and stirring at 120°C for 24 h to prepare polyester resin. The resin is pyrolyzed at 450°C for 2 h and 550°C for 5 h, and then heat-treated at 800°C for 12 h to completely remove the organic components. The precursor thus obtained is heat-treated at 1500°C in the presence of graphite as a reducing agent to obtain the single-phase Y2SiO5:Ce . The green emission intensity of the sample synthesized by the PC method is 3 times greater than that of the sample synthesized by the SSR method. This indicates that the distribution of Ce 3+ and Tb 3+ is more uniform and the energy transfer from Ce 3+ to Tb 3+ is more efficient in Y2SiO5:Ce 3+ ,Tb 3+ synthesized by the PC method. Thus, it can be concluded that the PC method is an effective synthetic means for improved performance of co-activation phosphors.
Synthesis of photocatalysts for water splitting
Discovery of the photocatalytic splitting of water on a titanium dioxide electrode is well known as the Honda and Fujishima effect. 16) Recently, it came to be known that various substances other than titanium dioxide can photocatalytically split water into hydrogen and oxygen.
17)- 19) In particular, NaTaO3 with perovskite structure, 20) Sr2Ta2O7 21) and K2La2Ti3O10 22) with layered perovskite structures, or BaTi4O9 23) that includes a characteristic tunnel structure, etc. have attracted attention due to their high activities for photo-splitting of water under ultraviolet (UV) radiation. Recently, the research and development of photocatalysts for water splitting under visible light irradiation have also been quickly advancing.
24)-26)
Quite surprisingly, the high temperature SSR method, which is considered unfit for precise control of composition or organization of materials, has been rather widely used in the field of photocatalysts. It is difficult to realize the uniformity of chemical compositions of complex oxides by the high temperature SSR method, and in addition, powders obtained by heat treatment at high temperature have large particle sizes that result in reduced specific surface areas. Moreover, maintaining stoichiometry ratios may become difficult due to possible component volatility at high temperature during heat treatment. Each of these factors causes a reduction in the photocatalytic activity of the target photocatalyst. The PC method is an outstanding technique that can solve such problems, and we have so far synthesized a great number of photocatalysts for water splitting that have significantly higher activities than materials prepared by the conventional solid state reaction method.
27)-31)
As an example, Fig. 6 shows X-ray diffraction patterns of Sr2Ta2O7 powder produced by the PC method at different heat treatment temperatures. 29) Single phase Sr2Ta2O7 can be synthesized by the PC method with heat treatment at 900°C for 5 h (a single-phase material can also be achieved at 850°C for 48 h). This is in contrast to the high temperature SSR method, which requires longer time and higher temperatures, such as 1177°C for 200 h, to obtain single phase Sr2Ta2O7. 21 ) Figure 7 shows the result of a photocatalytic activity test for water splitting conducted under UV (450 W mercury lamp) irradiation to a NiO/ Sr2Ta2O7 sample that was synthesized by the PC method at 850°C for 48 h (a co-catalyst of NiO was later incorporated into the Sr2Ta2O7 powder). The activity of the sample synthesized by the PC method was four times higher than that of the sample synthesized by the high temperature SSR method. It seems that as the specific surface area of the sample prepared by the PC method becomes larger than that by the high temperature SSR method, the photocatalytic activity is improved as a result.
PC method as a means of searching for new
substances -search for new phosphors by parallel synthesis schemeWhile the PC method is not suitable for the mass production of powders, it has the advantage of being able to synthesize many kinds of samples simultaneously and quickly. Therefore, the PC method is applicable to searching for new substances in terms of a laboratory level parallel synthesis approach. 32),33) An example of a study searching for host oxides containing gallium, which is effective for the blue luminescence of Tm 3+ , by parallel synthesis is introduced for the oxide group represented by the general formula of AxGayOz:Tm 3+ (A = Mg, Ca, Sr, Ba) as described below. 32) The 20 kinds of composition libraries applied to the parallel Table 1 .
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synthesis are shown in Table 1 . The process for parallel synthesis of the oxide library by the PC method using a test tube is schematically shown in Fig. 8 . Firstly, aqueous solutions of the metal salts, adjusted to each individual concentration, are prepared. These solutions are infused into test tubes to match the metal composition ratios of the set of library oxides, and then the required amounts of CA and PG are added. The test tubes are simultaneously heated at 130°C for 12 h to prepare the polyester resins, and then the resins are heat-treated at 500°C for 2 h and at 550°C for 4 h to promote decomposition of the organic components. The decomposition products are moved to alumina crucibles and heat-treated at 800°C for 12 h in an electric furnace to obtain a set of precursors. The precursors are then fired at 1200°C for 2 h to obtain oxide powders. The appearance of luminescence of the oxides thus obtained under UV illumination of 254 nm is shown in the photograph of Fig. 8 41) or KLa(WO4)2 42) are known as effective oxide hosts for the luminescence of Tm 3+ , the blue luminescence intensities are weak compared with that of Ca5Ga6O14. Therefore, it can be concluded that finding of effective oxide hosts for the blue luminescence of Tm 3+ was successfully achieved by parallel synthesis using the PC method.
In order to develop new phosphors, it is extremely important to select an appropriate leading compound, which can be chosen in terms of the guidelines of crystal design (in connection with crystal structures and band structures). Subsequently, a phosphor with an optimal composition can be found by changing the types of elements and their combinations in accordance with the crystal design, and by systematically changing the types of dopants and their concentrations. If parallel synthesis employing the PC method is introduced, then an efficient search for new phosphors can be performed.
Concluding remarks
The PC method is based on the concept of synthesizing a polymeric complex macromolecule as a precursor, in which two or more metals are uniformly distributed in the desired composition. As a result, not only is this method effective for a wider range of metal combinations than conventional solution methods, but it can also be used for the synthesis of ceramics with complicated compositions and for the synthesis of materials aimed at improvement of performance by low level element doping. The scope of the PC method covers a wide range of materials, such as photocatalysts, dielectrics, magnetic materials, battery materials, biomaterials, and high-temperature materials, and furthermore, it is an excellent and effective method for research aimed at the improvement of material performance and searching for new advanced materials. Significant contributions are expected in the future using the PC method in the field of materials syntheses, in which the quality of the chemical synthesis governs the final result of the material research. 
